Wind energy is an important field of development for the island of Gotland, Sweden, especially since the island has set targets to generate 100% of its energy from renewable sources by 2025. Due to the variability of wind conditions, energy storage will be an important technology to facilitate the continued development of wind energy on Gotland and ensure a stable and secure supply of electricity. In this study, the feasibility of utilizing the Middle Cambrian Faludden sandstone reservoir on Gotland for Compressed Air Energy Storage (CAES) is assessed. Firstly, a characterization of the sandstone beneath Gotland is presented, which includes detailed maps of reservoir thickness and top reservoir structure. Analysis of this information shows that the properties of the Faludden sandstone and associated cap rock appear favorable for the application of CAES. Seven structural closures are identified below the eastern and southern parts of Gotland, which could potentially be utilized for CAES. Scoping estimates of the energy storage capacity and flow rate for these closures within the Faludden sandstone show that industrial scale CAES could be possible on Gotland.
Introduction
Wind energy is an area of significant growth within Sweden's renewable sector, where production has increased by approximately 9.1 TWh between (SCB 2018 ). An important region for wind-energy production in Sweden is the island of Gotland, where a large number of wind turbines have been constructed to take advantage of the favorable wind conditions. In 2013, approximately 40% (384 GWh) of the island's total electricity consumption was provided by wind power (Byman 2015) . The Region of Gotland is working towards its long-term goal of producing 100% of its energy from renewable sources by 2025 (Region Gotland 2014) . Unfortunately, a drawback of wind energy is its fluctuating electricity supply, which arises from daily as well as seasonal variations in wind conditions. On Gotland, these fluctuations can currently be compensated by the power cable connection from mainland. However, as wind production on Gotland develops further, it will likely become more challenging to balance the supply of wind energy via mainland sources to provide stable and secure electricity for the island.
One solution to the problem of fluctuating wind-energy production is energy storage. Energy storage is a technology which can be used to buffer these variations in wind-energy supply (OECD/IEA et al. 2016) . Hence, it has the potential to increase the competitiveness and reliability of wind energy on Gotland, and facilitate its future development. A range of energy storage technologies exist, but some are more suitable for buffering large-scale variations in wind energy than others (Luo et al. 2015) . This is due to differing performance characteristics (for example capacity, cycle efficiency, response time, etc.), as well as their applicability given the geological and geographical constraints on Gotland. Presently, Power to Gas is one of the methods which is currently being investigated on Gotland (Byman 2015) . With this storage method, excess electricity is used to synthesize hydrogen or methane gas, which, at a later stage, can be utilized as fuel to generate electricity, power vehicles, or as a raw material to synthesize other compounds. A downside of Power to Gas as an energy storage technology is that, if the synthesized fuel is used to generate electricity, the cycle efficiency is relatively low (between 20 and 66% for hydrogen fuel cells) (Barton and Infield 2004; Schaber et al. 2004; Chen et al. 2009 ). Furthermore, if the synthesized fuel is being used for chemical production or fuel for transportation, it may not be available to generate electricity when required.
An energy storage method which is capable of storing relatively large amounts of energy at a relatively low cost (Luo et al. 2015) and would be suitable to buffer large-scale variations in wind production is Compressed Air Energy Storage (CAES). To date, opportunities for CAES on Gotland have not been extensively investigated. In CAES, excess energy is used to compress air which is then stored. At a later stage, the compressed air can be extracted and used to produce electricity (Fig. 1 ). The amount of energy which can be stored is dependent on the properties (for example, storage pressure) and volume of the storage container. Although it is possible to perform CAES using manmade containers, subsurface geological formations are required to provide storage capacities which are meaningful for industrial-scale storage applications. Three main categories for the storage of compressed air within geological formations have been proposed: (1) caverns within salt formations, (2) caverns within hardrock formations, and (3) porous reservoir formations (Giramonti et al. 1978; Succar and Williams 2008) . However, of these three alternatives, the best understood is storage within salt formations, which is the type of formation utilized by the two CAES plants currently in operation (Luo et al. 2015) .
In a geological context, the bedrock beneath Gotland consists of a sequence of Palaeozoic sedimentary rocks (Cambrian to Silurian in age), which unconformably overlay a heavily eroded crystalline basement sequence (Fig. 1) . The thickness of the Palaeozoic rocks beneath Gotland ranges from approximately 800 m in the southern part of the island to about 300 m in the north. In terms of potential storage formations, there is an absence of viable salt formations within the Palaeozoic sequence; hence, the most well-understood type of geological formation for CAES is not feasible on Gotland. Furthermore, the second type of storage formation is also not feasible on Gotland, due to the lack of suitable caverns or subsurface mines within the Palaeozoic limestone or in the crystalline basement. However, a number of porous reservoir formations are present beneath Gotland, some of which could be suitable candidates for subsurface CAES. In recent years, these porous formations have been the target of numerous investigations to assess their suitability for storage of CO 2 (e.g., Erlström et al. 2011; Vernon et al. 2013; Sopher et al. 2014; SLR and Uppsala University 2014; Lothe et al. 2015; Yang et al. 2015) . Based on this work, the highest quality reservoir identified is the regionally extensive Middle Cambrian Faludden sandstone of the Borgholm Formation (Hagenfeldt and Bjerkéus 1991; Hagenfeldt 1994) , equivalent to sandstone units in the Deimena Group in Estonia, Latvia, and Lithuania (Jankauskas 1994) (Fig. 1 ). To date, there are only regional studies dealing with the characterization of this reservoir beneath the island of Gotland. Although the petrology and reservoir quality of the Deimena sandstone units are comprehensively described by, e.g., Kilda and Friis (2002) and Molenaar et al. (2007) , these results can only partly be used as references for assessing the Faludden sandstone reservoir properties, since they represent greater burial depths.
In this study, the potential to utilize the Middle Cambrian Faludden reservoir for CAES on Gotland (onshore) is assessed. Initially, a detailed characterization of the geometry of the Faludden reservoir and its properties beneath Gotland is presented. To achieve this, an extensive and largely unpublished database, containing over 2300 km of seismic reflection profiles and over 300 wells from the island of Gotland, was utilized and interpreted. This allows, for the first time, detailed reservoir structure and thickness maps to be generated beneath Gotland. Furthermore, key reservoir parameters such as pressure, permeability, porosity, and temperature are also assessed. This new reservoir characterization is then utilized to perform a high level assessment of the CAES potential within the Faludden reservoir. As part of the assessment, key requirements for CAES are considered and simple estimates of energy storage capacity and reservoir flow rate are made. The study, therefore, contributes to the understanding of how utilization of the subsurface can help to support the development of additional renewable energy on Gotland.
Energy production and storage requirement on Gotland
In 2015, electricity consumption accounted for approximately 21% of the total energy (4.6 TWh) used on Gotland (Green and Sorby 2018) . Data were obtained from Gotland Energi AB (GEAB), to gain a better understanding of the variations in electricity consumption and production on Gotland. These data consist of average hourly values for consumption, regulation and renewable production (wind/solar), for a 3-year period. The main electricity production source on Gotland is wind power with approximately 180 MW of installed capacity. Solar power also contributes with 3 MW of installed capacity. Both production and demand are regulated by two cables (2 × 160 MW) connected to mainland Sweden which import or export electricity as required. The island consumes approximately 1 TWh/year of electricity, out of which 54% is imported and 46% comes from domestic production. Figure 2 presents cumulative values of the energy production, consumption and regulation (duration diagram) during 2016. Here, the regulation curve can be used to infer the energy export and import from the negative and positive parts of the curve, respectively. Hence, in 2016, about 16.7 GWh was exported and about 564 GWh was imported, where the total time periods of export and import were about 1000 and 7800 h, respectively. Furthermore, during 2016, the longest continuous period of export was 50 h, corresponding to about 1.6 GWh (peak power of 55 MW). Conversely, the longest continuous period of import was 893 h, corresponding to 71 GWh (peak power of 130 MW).
To approximate a future scenario, where Gotland utilizes 100% renewable electricity, a model was developed by Nilsson et al. (2017) (Fig. 2) . Here, both solar and wind production on b a Fig. 1 a Schematic cross section demonstrating the concept of CAES within the porous Faludden sandstone reservoir beneath Gotland. b A schematic of a CAES plant. The solid lines outline the main processes utilized in conventional CAES. The dotted lines indicate additional processes utilized in AA-CAES, where heat from the compression stage is stored and used later in the expansion stage, mitigating the need to utilize fuel for heating (figure modified from Succar and Williams 2008) Gotland were increased to match the consumption in 2016 on a monthly basis and also for the entire year. This model estimates that, for Gotland to achieve a self-sufficient renewable electrical system (1 TWh annual production), an installed capacity of about 345 MW and 25 MW for wind and solar power is required, respectively. In this modeled scenario, the total annual energy export and import are 380 GWh and 340 GWh, respectively. Within this 1-year model, due to the variations in renewable production, the longest continuous period of energy export is 158 h, corresponding to 26 GWh (peak power of 231 MW). Conversely, the longest continuous period of energy import is 262 h, corresponding to 19 GWh (peak power of 108 MW). Due to practical considerations, only one cable (160 MW) at a time can be utilized for export, and hence, this scenario exceeds the current cable export capacity. Therefore, it is likely that energy storage will be required on Gotland to accommodate the variations in energy production arising from a 100% renewable, self-sufficient energy system. In the modeled scenario, a storage system with a maximum capacity of 231 MW (26 GWh) would be needed to fully account for the variations. Hence, this can serve as an estimate of the maximum energy storage requirement on Gotland. However, it should be noted that more detailed investigations need to be conducted, to understand the short-term storage requirements and to better characterize the variability of wind and solar production.
Subsurface CAES background
In conventional compressed air energy storage (CAES), excess electricity is used to drive a chain of compressors, which draw in and compress air ( Fig. 1) (Giramonti et al. 1978; Allen et al. 1983) . A large amount of heat is generated as part of the compression process, and hence, a series of intercoolers are utilized to improve the efficiency (Succar and Williams 2008) . The air is then stored at high pressure within a storage medium (i.e., a geological formation). When required, the pressurized air is extracted from the storage medium and expanded to generate electricity. To improve the efficiency, fuel (e.g. natural or bio-gas) is combusted together with the compressed air in the expansion process (Fig. 1) .
Presently, two plants exist which operate a conventional CAES process. The oldest of the two, the Huntorf CAES plant in Germany, was completed in 1978 and can presently operate for 3 h with a rated power output of 321 MW ( Fig. 1) (Crotogino et al. 2001; Van der Linden 2006) . The second, the McIntosh plant in the USA, was completed in 1991 and can operate for 26 h with a rated power output of 110 MW (Succar and Williams 2008; Raju and Khaitan 2012) . Both of these plants utilize artificially mined salt caverns to store the compressed air, with total volumes of showing electricity production, consumption and regulation for a scenario with a 100% renewable energy system (Nilsson et al. 2017) 310,000 m 3 and 560,000 m 3 for the Huntorf and McIntosh plants, respectively. Cycle efficiencies for the Huntorf and McIntosh plants are quoted at approximately 42% and 54%, respectively (Luo et al. 2014 (Luo et al. , 2015 .
Advanced Adiabatic CAES (AA-CAES) is a new form of CAES which has been proposed where the heat generated in the compression process is captured and stored ( Fig. 1 ) (Power 2010) . This heat can be used in the expansion stage and, hence, mitigates the requirement to burn fuel. Although no AA-CAES systems currently exist, a demonstration plant is being developed in Germany as part of the ADELE project (Succar and Williams 2008; Power 2010; Luo et al. 2015; Aghahosseini and Breyer 2018) . This site is planned to have a rated output of 90 MW, a cycle efficiency of approximately 70% and to operate with zero CO 2 emissions (as it utilizes renewable electricity).
With regards to CAES within porous reservoirs, a number of small pilot scale projects have been conducted. Smallscale testing carried out by the Electric Power Research Institute (EPRI) in Illinois, USA, gave positive indications for the feasibility of CAES within porous formations (Allen and Doherty 1984; Succar and Williams 2008) . A 25 MW test facility was constructed in Italy and operated successfully. However, the test was stopped early due to a geological disturbance at the site (Luo et al. 2015) . A project to construct a 270 MW porous reservoir CAES facility began in Iowa, USA, in 2003. However, this project was stopped in 2011 after drilling results showed that the reservoir was more heterogeneous and had a lower permeability than expected (Heath et al. 2013) . In recent years, there have been a number of reservoir simulation studies to investigate the feasibility of CAES within porous reservoirs (Oldenburg and Pan 2013; Jarvis 2015; Wang and Bauer 2017) . Results from these modeling studies show that, in principle, industrialscale CAES within porous reservoirs is feasible.
Methodology for assessment of CAES potential in porous formations
Despite the lack of industrial experience, there are a number of studies which outline geological criteria which would be desirable to have in a porous reservoir to be utilized for CAES (Giramonti et al. 1978; Allen et al. 1983; Succar and Williams 2008) . One reason this is possible is because a porous reservoir CAES operation bears many similarities to natural gas storage, which is a mature technology that has been in operation for more than 100 years (Zhang et al. 2017) . Hence, key requirements of a potential CAES storage site can be inferred from the extensive experience of the natural gas storage industry. Table 1 outlines a list of criteria modified from Succar and Williams (2008) , which can be used to rank the suitability of potential sites for porous reservoir CAES. This table lists key geological properties and associated threshold values which are desirable for porous reservoir CAES and will form the basis of the following discussion.
A primary requirement for CAES is the presence of a high-quality reservoir (Giramonti et al. 1978) . Specifically, the reservoir should have relatively high porosity (> 10%), so that there is significant space available for the storage of compressed air. The reservoir should also have a relatively high permeability (> 300 mD) to achieve high enough flow rates in and out of the reservoir for CAES operations (Allen et al. 1983) . A laterally homogeneous reservoir is also Cap rock thickness (m) < 6 > 6 desirable to allow predictable and efficient behaviour of the air bubble within the reservoir. Another important requirement for CAES is the presence of a dome or structural closure at the storage site ( Fig. 1 ) (Giramonti et al. 1978) . This structural closure serves to trap the bubble of air (due to buoyancy), which will be injected during CAES operations. The closure rating is a factor which describes the proportion of reservoir which is above the lowest closing contour of the closure and is defined as h∕H (Succar and Williams 2008) .
Where h is the thickness of reservoir above the lowest closing contour and H is the total thickness of the reservoir at a given point. A high closure rating is desirable in CAES as this means that the entire reservoir thickness can be filled with air and, hence, the gas water contact will only be present on the flanks of the structure (as shown in the schematic closure in Fig. 1 ). The depth to the top of the reservoir and its pressure are important in CAES as they define the conditions under which the compressed air will be stored in the reservoir and the required design of the turbo machinery on the surface. Based on existing designs, pressures between 3.9 and 5 MPa are most desirable (Succar and Williams 2008) . It is considered undesirable if the amount of residual hydrocarbons within the reservoir is too high (> 1%), as it can lead to the formation of compounds within the reservoir which can damage its performance or which may lead to increased wear on the machinery within the CAES plant (Succar and Williams 2008) . The final key component of a suitable CAES site is the presence of a suitable cap rock or impermeable layer which overlies the reservoir (Giramonti et al. 1978 ). This layer is important to keep the compressed air within the reservoir layer and prevent it from leaking. Therefore, a suitable cap rock should be present across the entire reservoir area. It should be thick (> 6 m), have a high threshold pressure (> 5.5 MPa), have a low permeability (< 10 −5 mD) and be shown not to leak during pump tests (Allen et al. 1983; Succar and Williams 2008) .
In this study, a simple and somewhat empirical approach is adopted to assess the potential CAES energy storage capacity within a given structural closure. The following equation is utilized:
where E is the total energy storage capacity (MWh), G is the gross rock volume within the closure, is the porosity (unitless, where 0 = no pore space and 1 = 100% pore space), N is the net-to-gross value for the reservoir (i.e., the proportion of the gross rock volume which can be considered to be reservoir), and V (kWh/m 3 ) is the energy stored per unit volume of pore space. If maps of reservoir thickness and top structure are available, then the gross rock volume ( G ) can be calculated directly from the maps for a given structural closure (Sopher et al. 2014) . Values for the porosity ( ) and
net-to-gross ( N ) can be derived from well log data and core measurements.
The energy stored per unit volume ( V ) is a complex value to estimate. V not only varies due to geological factors such as the closure geometry, depth and subsurface reservoir conditions, but also due to the design of the CAES facility; for example, the operating pressure range and number of injection/extraction wells, etc. Values for V for the Mcintosh and Huntorf CAES plants, which utilize caverns in salt formations, are approximately 5 and 3.75 kWh/m 3 , respectively (Succar and Williams 2008) . However, these are higher than values for V which one would expect for porous reservoir formations. A key reason for this is that, in CAES operations, the total amount of gas within the structural closure will consist of both working gas and base gas (Allen et al. 1983) . The working gas is continuously injected and extracted as part of the CAES operation and hence, is where the energy is stored. The base gas provides pressure support for the working gas and ensures that water below the air bubble does not reach the wells. In natural gas storage operations, the base gas can constitute up to 15-75% of the total gas in the structural closure. In CAES, even larger proportions of base gas have been suggested. For example, the EPRI recommends that the ratio of base gas to working gas in a CAES operation within a porous reservoir should be approximately 10 to 1 (EPRI 2012 (Wang and Bauer 2017) . In this study, two values of V are chosen to provide a low case storage capacity estimate ( V = 0.1 kWh/m 3 ) and a high case storage capacity estimate ( V = 1 kWh/m 3 ). However, it is important to note that, to obtain an accurate value for V for a given structural closure, reservoir modeling will need to be performed. Therefore, the approach here is only capable of providing a scoping estimate of the storage capacity of a given structural closure.
Another important factor which will be estimated in this study is the flow rate for a given storage reservoir. The flow rate is important as CAES will only operate effectively if the air can be injected and extracted from the storage formation at a reasonable rate (Allen et al. 1983 ). To estimate the flow rate, the radial flow equation is used (Katz et al. 1959): where r w is the wellbore radius (m), r f is the drainage radius of the well (m), p s is the pressure at the wellbore (MPa), p f is the pressure at the formation edge (MPa), h is the formation height (m), k is the permeability (mD), T is the temperature in the reservoir (K), is the viscosity (cP), Z is the gas deviation factor and Q sc is the flow rate of the well (m 3 /s). Although this equation is often used to estimate the flow rate from porous reservoirs, it will only give an approximate estimate of the flow rate. In reality, when extracting gas from the reservoir, the pressure in the reservoir will drop over time, and hence, so will the flow rate. This equation does not take this into account, and hence, it is more representative of the flow rate at the very beginning of a period of air extraction from the reservoir. Therefore, this equation only provides an approximate value for the flow rate from the prospective CAES reservoir. Reservoir modeling is required to more accurately estimate the flow rate during CAES cycling operations.
Background geology
Gotland is located on the NW flank of a broad synclinal basin (the Baltic Basin), which developed primarily during the Caledonian Orogeny as a flexural foreland basin (Poprawa et al. 1999) (Fig. 3) . The crystalline basement, which underlies the Palaeozoic strata beneath Gotland and much of the Baltic Sea area, formed during the Svecofennian orogeny (1.95-1.75 Ga) (Nironen 1997) . Deposition first began in the Baltic Basin during the Late Pre-Cambrian/Early Cambrian due to subsidence associated with the opening of the Tornquist Sea (Poprawa et al. 1999) . Beneath Gotland, the Lower Cambrian (Viklau, När shale, När sandstone and Grötlingbo members of the File Haidar Formation) and Middle Cambrian (Mossberga and Faludden members of the Borgholm Formation) consist of an alternating sequence of sandstones, claystones and siltstones, deposited in a shallow marine environment (Ūsaitytė 2000; Nielsen and Schovsbo 2011) (Fig. 4) . In some parts of Gotland, a thin (0-4 m thick) condensed succession of Late Cambrian/Early Ordovician dark organic rich shale (Alum shale) is present above the Middle Cambrian Faludden member. Overlying this is an 80-110 m thick Ordovician succession, consisting predominantly of various carbonate rock types. Increased subsidence rates linked to the Caledonian orogeny (Poprawa et al. 1999) during the Silurian led to the formation of a thick succession (approximately 100-400 m beneath Gotland) of limestones and marls upon the Ordovician strata. Silurian strata form the uppermost bedrock on the island of Gotland, where approximately ten barrier reef complexes are thought to have developed between the Ludlow and the Wenlock (Calner et al. 2004; Eriksson and Calner 2005) .
There are a number of potential reservoirs in the Palaeozoic sequence. Of these, the Middle Cambrian Faludden sandstone reservoir is considered to be the highest quality reservoir (Erlström et al. 2011; Vernon et al. 2013; Sopher et al. 2014 ) and, hence, will be the focus of this study. The Faludden reservoir (Fig. 4) consists of well-sorted, medium-grained quartz sandstone deposited in a shallow marine setting. Within the Baltic Basin, it can exceed 50 m in thickness and typically exhibits good reservoir properties, with porosity and permeability values ranging from 10 to 18% and 200-1000 mD, respectively (Sopher et al. 2014) . The Faludden reservoir is thickest to the south-east of Gotland and gradually decreases in thickness towards the northwest. Beneath the island of Gotland, the reservoir pinches out (reaches zero thickness), and hence, the Faludden reservoir does not outcrop at the surface (Fig. 4) . Above the Faludden reservoir, there is a sequence of relatively impermeable rocks (less than 1 mD), which could be suitable as a cap rock. Specifically, the lowermost Ordovician Bentonitic limestone unit and the lowermost part of the Silurian interval (Sopher et al. 2014 ; SLR and Uppsala University 2014) are candidate cap rocks. The Bentonitic limestone unit typically consists of micro-crystalline limestone with interbeds of bentonite clay and is between 45 and 60 m thick beneath Gotland. In some wells to the south of Gotland, accumulations of natural gas have been encountered within structural closures within the Faludden reservoir, demonstrating the viability of the reservoir-cap rock system.
The Cambrian Viklau and När sandstone reservoirs (Fig. 4) represent lower quality reservoirs with comparatively poorer reservoir properties than the Faludden reservoir (i.e., typically lower porosity and permeability) (Erlström et al. 2011; Sopher at al. 2014 ). The shallowest reservoir, the Silurian Burgsvik sandstone, is poorer in quality than the Faludden reservoir, outcrops on land, and reaches a maximum depth of approximately 150 m on the very southern part of Gotland. This is typically considered too shallow for CAES applications in porous reservoirs (Succar and Williams 2008) . Therefore, these reservoirs will not be considered further in this assessment.
Characterization of the Faludden reservoir beneath Gotland
The data for the characterization work come from an extensive database containing data collected between 1970 and 1990 by the Swedish oil prospecting company (OPAB) (Sopher and Juhlin 2013; Sopher 2017) . The OPAB data set contains well reports and geophysical well logs from over 300 wells located primarily on Gotland, but also offshore. Furthermore, the data set contains over 2300 km of 2D seismic reflection data from the island of Gotland. To date, the vast majority of these data have not been published and were recently made available for academic use by the Geological Survey of Sweden (SGU). Initially, the majority of the seismic reflection data from Gotland were only available as scanned images (TIFF files) of the final stacked data, which made the data difficult to fully utilize and interpret. Therefore, it was necessary to convert these data to SEGY format (vectorize) before they could be imported into modern seismic interpretation software (Sopher 2017) . Similarly, much of the geophysical well log data was digitized by hand, so that the data could be plotted and used to calculate synthetic seismograms.
Faludden reservoir thickness
Due to the variable thickness of the Faludden reservoir (Fig. 4) , a key step in the assessment was to generate an accurate map of the reservoir thickness beneath Gotland (Fig. 5) . To generate this map, data from over 130 wells were carefully reviewed and quality controlled. As part of this process it became apparent that, for wells which reached the basement, there was a correlation between the gross Cambrian thickness and the thickness of the Faludden sandstone member for many wells (Fig. 5) . On inspection of the map, it is clear that wells which do not fit this trend are located in a small area close to a body of water (Fårösund) between mainland Gotland and the northern island (Fårö). This correlation is also somewhat apparent in the cross section shown in Fig. 4 , where the pinch out of the Faludden sandstone can be seen to coincide with a gradual decrease in the overall thickness of the Cambrian sequence. The geological implications of this trend are that the present-day extent and thickness of the Faludden reservoir beneath much of Gotland is controlled by erosion which occurred between the deposition of the Faludden sandstone and the Alum shale. The reason this trend is not present in the Fårösund area is because there are indications from the seismic and well data that significant tectonic activity occurred during the Cambrian, resulting in the gross thickness of the Cambrian being anomalously thin in this area. If the reservoir pinch out is controlled by erosion, it would imply that the reservoir quality will remain high up to the pinch out location. This would not be the case if the reservoir pinch out was due to a stratigraphic transition, where a gradual transition from sand to shale might be expected. Before generating the final thickness map, the location of the reservoir pinch out was interpreted by hand based 
Fig. 4
Seismic and well data correlation panel for an approximate north-south profile across southern Gotland. Natural gamma, P-wave sonic, and a synthetic seismogram are shown for three key wells; note that the wells are projected onto the profile parallel to the general strike of the Palaeozoic succession on Gotland. The Faludden-1/-2 well combines geophysical well log data from both the Faludden-1 and Faludden-2 wells, which are drilled close together. a Depth converted seismic data from the OPAB data set. Note that the peak frequency of the seismic data changes at about 42.5 km along the profile (from about 60 Hz in the south to about 120 Hz in the north) due to the use of different seismic sources. The frequency content of the synthetic seismograms was chosen to match the surrounding seismic. b Interpretation of the stratigraphy between the wells using the seismic data. Although no stratigraphy has formally been defined for the Silurian section, the seismic has been used to correlate some markers in the geophysical well logs, shown here as dashed lines. Note the decrease in the thickness of the Faludden sandstone reservoir from south to north on the thickness data in the wells (Fig. 5) . To constrain the interpretation of the pinch out location, the trend between the total Cambrian thickness and the Faludden thickness was utilized. Here, contours from a Cambrian thickness map generated from well data were used to guide the interpretation of the pinch out location. The well data were then interpolated to generate a map describing the thickness beneath Gotland. The performance of a range of different interpolation and filter combinations was tested using single well cross-validation analysis in Matlab (Geisser and Eddy 1979) . Based on this testing, a natural neighbour interpolation was utilized, followed by a 2D median filter using a rectangular operator (2.5 km and 5 km in the east-west and north-south directions, respectively). Using this scheme, the median average absolute error from the cross-validation analysis for the 130 wells used in the interpolation was 1.5 m. Figure 5 shows the final Faludden reservoir thickness map beneath Gotland. It is clear from this map that, in terms of reservoir thickness alone, the most attractive area of Gotland for CAES is the southern part of the island where the Faludden reaches thicknesses in excess of 30 m. The Faludden reservoir is present beneath the eastern edge of the island as far north as Fårö; however, it is relatively thin (0-14 m) compared to the southern part of Gotland. For the entire north western part of Gotland, CAES would not be viable within the Faludden, due to the absence of the reservoir.
Faludden structure
To date, no detailed structural maps of the Faludden reservoir beneath Gotland have been published. Therefore, an important part of this assessment was to generate a top structure map for the Faludden reservoir. This was accomplished using about 500 seismic lines for interpretation alongside well data. A small map detailing the locations of the 2D seismic profiles is shown in Fig. 6 . A series of zero Seismic data offset synthetic seismograms (Fig. 4) provide insight into the relationship between the seismic reflection data and the geological sequence. On inspection of the synthetic seismograms, the strongest seismic reflections are anticipated from the top and base of the Ordovician limestone succession. Utilizing well ties from 38 wells, the top and base Ordovician reflections were interpreted on all of the seismic lines. To generate the final top structure map, an isochore map for the interval between the top Ordovician and top Middle Cambrian was calculated and combined with the Top Ordovician map from Levendal et al. (2018) . Interval velocities for the isochore map were derived at the well locations using the well data and seismic interpretation. These were then interpolated using Kriging in Matlab and then smoothed using a 2D rectangular median filter (10 km and 20 km in the east-west and north-south directions, respectively). Using this scheme, the median average absolute depth error in the top structure map from crossvalidation analysis for the 130 wells used in the interpolation was 5.7 m. The final top structure map (Fig. 6 ) describes the depth to the top of the Middle Cambrian across Gotland. In parts of the island where the Faludden is present, this is equivalent to the top of the reservoir. The structure map shows a gentle dip to the south-east which is consistent with the regional trend (Sopher et al. 2016) . Structural closures in areas where the Faludden reservoir is present have been highlighted as green areas. Note that only structural closures with a height of 5 m or more are shown. On inspection of the map in Fig. 6 , it is clear that there are a few suitable structural closures in areas where the Faludden reservoir has a significant thickness. A number of structural closures exist below the north-eastern part of the island. However, in this area, the reservoir is only up to 4 m thick due to the proximity to the pinch out location. It is important to note that, in these areas, if the uncertainty in the thickness map is considered, that there is a risk that the reservoir is absent in some of these closures. In addition, it is often the case that the structural closures which appear on the top structure map (Fig. 6) are only defined by one or two seismic lines, and therefore, there is some uncertainty that a closure exists at these locations. Bearing this uncertainty in mind, the closures shown in Fig. 6 will be considered as potential CAES storage locations in the following sections. If the closure rating (Succar and Williams 2008) is calculated for the highest point on each of the structural closures, a value of 1 is obtained for all of the structures (Fig. 6 ). It should be noted that stratigraphic traps were also considered in the assessment (i.e. a structural trap bound on one side by the stratigraphic pinch out of the Faludden reservoir). However, no such traps were found when considering both the Faludden thickness and top structure maps together.
Faludden reservoir and cap rock properties
Despite the numerous wells drilled on Gotland, relatively few measurements of porosity and permeability are available within the OPAB database. A range of measurements were compiled from the OPAB database and combined with some additional measurements performed by the Geological Survey of Sweden (Table 2 ) (SwedSTORECO2 2013; Sopher et al. 2014) . Based on these limited data, it is not possible to define a spatially varying estimate of porosity and permeability; instead, the mean average porosity and permeability are calculated. The mean average porosity and associated standard deviation for the Faludden on Gotland are 14.9% and 4.1%, respectively. While the mean average permeability and associated standard deviation for the Faludden on Gotland are 559 mD and 544 mD, respectively. In terms of the type of reservoir, the Faludden sandstone is a relatively homogeneous, shallow marine sandstone deposit (Sopher et al. 2014) . This is reflected in the relatively high net-togross value for the Faludden reservoir, where a mean average value of 0.9 was obtained from the analysis of wire-line logs from ten wells. Although no producible hydrocarbon accumulations were ever found within the Faludden sandstone reservoir beneath Gotland, the residual hydrocarbon saturation in the reservoir is quite high, at about 16% (Swed-STORECO2 2013). On inspection of the available pressure data from the Faludden reservoir, it appears that the pressure is slightly above hydrostatic pressure (Fig. 7) . In this study, a linear pressure depth relationship is assumed which provides the best fit with the available pressure data. Using this trend, (Fig. 6 ). Bottom hole temperature measurements from over 60 wells were collated from the OPAB database and a linear trend calculated, assuming an average surface temperature of 6.1 °C (Fig. 7) . Based on these data, it appears that a relatively high geothermal gradient of approximately 33°C/ km is present on Gotland. Based on this trend, reservoir temperatures of between 15.3 and 19.8 °C are estimated for the different closures. The properties of the Ordovician Bentonitic limestone unit, which is proposed as a cap rock above the Faludden reservoir, are also very important for assessing CAES feasibility (Giramonti et al. 1978) . Permeability measurements taken for the Bentonitic limestone unit indicate values of less than 1 mD, and the thickness of the unit is between 45 and 60 m (SwedSTORECO2 2013; Sopher et al. 2014) . Unfortunately, no measurements are available for the threshold pressure of the formation or data from pumping tests to check for cap rock leakage.
Feasibility of CAES on Gotland
If the criteria outlined in Table 1 are considered, then the majority of the reservoir properties appear favorable for the application of CAES on Gotland. The average porosity, average permeability, total closure rating, depth to top of reservoir, reservoir pressure, type of reservoir and cap rock thickness would all be considered good-to-excellent across the seven structural closures identified in the Faludden top structure map (Fig. 6) . Unfortunately, it was not possible to assess some of the key parameters listed in Table 1 (e.g. cap rock threshold pressure and cap rock leakage) due to the absence of the necessary data in the OPAB database.
Although the values for cap rock permeability are low (< 1 mD), it could not be confirmed that the permeability is lower than 10 −5 mD, and hence, this is highlighted as a point of concern for potential CAES within the Faludden reservoir on Gotland. Furthermore, an additional point of concern is the relatively high residual hydrocarbon value of 16% within the reservoir. Such high residual concentrations may complicate a CAES operation in the Faludden reservoir. However, it is possible that risks associated with residual hydrocarbons could be mitigated (EPRI 1990) . For example, injection of nitrogen or CO 2 gas when forming the bubble can help to move residual hydrocarbons away from the wellbore before beginning the CAES operations (Succar and Williams 2008) . Furthermore, in some projects, depleted hydrocarbon fields have been considered as targets for CAES pilot projects (EPRI 2012) . Table 3 shows the numerical scores for each of the structural closures, using the ranking system proposed in Table 1 (Succar and Williams 2008) . Based on these numerical values, it appears that all of the closures can be considered equally suitable for CAES applications, with the exception of closure S24, which is awarded a slightly higher score due to a more suitable reservoir pressure.
Utilizing the methodology outlined in "Subsurface CAES background", approximate energy storage capacities and flow rates were calculated for the structural closures in the (Table 3) . To calculate the total pore space of the closures, constant porosity and net-to-gross values of 14.9% and 0.9 were assumed, respectively. Based on these results, closures S17 and S21 have the highest estimated energy storage capacity of between 126 and 1308 MWh. In the high case, these storage capacities are large enough to be relevant for industrial-scale energy storage, being comparable to the Huntorf CAES plant. However, it is clear that storage within structural closures within the Faludden reservoir would not be sufficient to meet the maximum potential energy storage requirement on Gotland, estimated in "Energy production and storage requirement on Gotland" (26 GWh). Where the sum of the high case storage capacities for all seven structures amounts to about 4.31 GWh. To calculate the flow rates shown in Table 3 , a constant difference of 1.8 MPa was assumed between the high and low pressures in the CAES cycle, which is similar to the Huntorf CAES plant. It was also assumed that the wellbore radius was 125 mm (about 5 inches) and that the drainage area for the well is 1 km. A constant permeability of 559 mD (the mean average value for the core data) was assumed for all of the closures. Furthermore, in an attempt to account for the 1D nature of Eq. 2, it was assumed that the thickness of the reservoir was the average height of the reservoir above the closure (i.e. the total volume of the closure, divided by the area). To convert the estimated flow rates from volume to mass, air density values were chosen based on the reservoir conditions. Based on these calculations, flow rates of between 35 and 262 Kg/s were estimated from the closures on Gotland, where the highest flow rates are anticipated for the S21 and S24 closures. Although these flow rates are very approximate, they are of the right order of magnitude for CAES to be feasible. For example, the Huntorf CAES plant requires a flow of 417 Kg/s to produce 321 MW of power per hour (Kushnir et al. 2012) . Cost is an important factor which is not addressed in detail in this assessment. However, it is possible to perform a simple cost estimate based on the high case storage capacity estimate for the S21 closure in this study supported by values from Luo et al. (2015) . Here, a plant with a total storage capacity of 1300 MWh, power output of 70 MW for 18.5 h, and operating time of 10 years is assumed. Estimated costs for such a plant are between 46 and 226 M$. If cost calculations for the same plant are made for a range of different battery storage technologies (Lead-acid, Sodiumsulfur, Nickel-cadmium, and Vanadium reflux flow batteries), then estimated costs for these solutions are two-to-ten times those of the CAES plant (Luo et al. 2015) . If costs for hydrogen fuel cells are calculated based on the values in Luo et al. (2015) , then costs for CAES appear to be comparable, albeit slightly lower. Therefore, based on these simple calculations, CAES would appear to be competitive economically with other energy storage techniques which could be implemented on Gotland.
Discussion
The results from this preliminary study indicate that the Faludden reservoir appears to be favorable for the application of CAES in many respects. Although it is unlikely that CAES within the seven closures (Fig. 6) will be able to meet the total estimated energy storage demand on Gotland in the future, early indications of the flow rate and energy storage The confidence in the structure is assessed based on the appearance of the closure in the seismic reflection data. The numerical ranking from the assessment using Table 1 outlined by Succar and Williams (2008) is also shown for each closure. Estimated energy storage capacities and flow rates for the closures are also shown Closure S9 S12 S14 S16 S17 S21 S24 capacity appear to be high enough for industrial scale CAES to be feasible. Hence, it appears that CAES could provide a valuable component in an energy storage solution on Gotland. However, it is clear that more extensive and detailed characterization work is required to further assess its potential. Firstly, reservoir simulation work is required to gain insight into the dynamic behaviour of compressed air within the structural closures and to perform more accurate estimates of potential storage capacity and reservoir flow rate. Presently, there is a lack of information about some key reservoir and cap rock properties. This could be addressed by drilling a well to collect core and also perform dynamic testing within the reservoir (e.g. testing reservoir flow rates/ pump tests). There is also significant uncertainty in the structure of the closures identified in the Faludden reservoir, which could be reduced through the acquisition of a dense grid of seismic reflection data over the closures. To further assess the feasibility of CAES on Gotland, it would also be important to perform an accurate assessment of the engineering and economic requirements of a surface CAES facility. In this study, the geochemical or microbiological aspects of a CAES operation within the Faludden reservoir are not considered. For example, injection of air could lead to chemical reactions or microbial activity within the reservoir that could result in dissolution or clogging. Therefore, to gain a better understanding of the feasibility of the Faludden reservoir for CAES it would be important to investigate how the presence of air could affect the reservoir quality over the lifetime of a CAES operation (e.g., over periods of 10-50 years). Finally, it would be important to contact and meet with representatives from other parts of society (e.g. the community on Gotland, industry and governmental organizations) to educate and get feedback on potential CAES related ideas on Gotland. In this assessment, the focus has been on storage within closures. Some studies have investigated the potential to apply porous reservoir CAES within a flat or gently dipping reservoir where no structural closure exists (Fig. 8) . Typically, these studies have shown that, depending on the timescale of storage, there is good potential to store energy in such a scenario (Jarvis 2015) . In this assessment, it is clear that the Faludden reservoir is relatively flat and does not have an abundance of large structural closures, which is a limitation on the storage capacity. However, if storage in a flat or gently dipping reservoir is feasible on Gotland, then it would greatly increase the potential energy storage capacity (perhaps by a factor of 10-100) and increase the locations where CAES facilities could be constructed. Due to the dynamic nature of the scenario, it is most meaningful to investigate this further using reservoir simulation.
Conclusion
In this study, an assessment of the characteristics and geometry of the Faludden reservoir beneath Gotland was conducted, where, for the first time, a detailed thickness map and top structure map for the Faludden reservoir are presented. Key reservoir properties such as temperature, pressure, porosity and permeability are also characterised for the Faludden reservoir. Formation thickness data are used to infer that the present-day extent and thickness of the reservoir is controlled by Middle Cambrian and Late Cambrian erosion. This reservoir information is then used to perform a preliminary assessment of the CAES storage potential on Gotland. Results from this assessment show that the majority of the properties of the Middle Cambrian Faludden reservoir and Ordovician Bentonitic Limestone cap rock are apparently suitable for CAES. Based on the top Faludden reservoir structure map, seven structural closures were identified, predominantly on the eastern side of the island, which could be utilized for CAES. Key concerns for the suitability of CAES in the Faludden reservoir are the presence of residual hydrocarbons and uncertainty in the structure and reservoir properties within these closures. Scoping calculations show that the energy storage capacity within one of the more promising structures identified in the Faludden reservoir is between 130 and 1300 MWh. Estimates also show a b
Legend Non-reservoir rock Reservoir rock CAES air bubble within reservoir CAES well Fig. 8 Different scenarios for storage of air within a subsurface porous reservoir in CAES. a CAES scenario considered in this study, storage of an air bubble within a structural closure. b Potential CAES scenario which could be investigated using reservoir modeling, where the air bubble would not be trapped within a structural closure. Such a scenario would only be viable if the movement of the air bubble does not occur at a rate which significantly affects the efficiency of the storage operation, over timescales important for storage on Gotland that the flow rate from the reservoir within some of these closures is of the right order of magnitude for CAES to be applied. Therefore, based on this preliminary assessment, it appears that CAES within the Faludden reservoir could be a viable energy storage option on Gotland worthy of further investigation. It also highlights the potential of subsurface CAES to facilitate the development of additional renewable energy and to help work towards a 100% fossil-fuel free energy system on Gotland.
